Introduction
Interest in the greater use of biomass fuels continues to grow in many countries around the world. The biomass fuels offer considerable potential for clean and environmentally benign energy source ͓1-9,11-15͔. According to international policies of CO 2 reduction, the positive environmental benefit of biomass utilization is the zero net production of greenhouse gases. In contrast to fossil fuels, the use of biomass fuels does not bring any new carbon into the environment, so the total carbon balance is equilibrated. The higher heating value ͑HHV͒ for dry ash free ͑DAF͒ biomass varies from 16 to 22 ͓MJ/ kg͔ ͓1͔, but raw biomass usually contains moisture which decreases this range. These high values reveal significant potential of this fuel. The fuel has been found to provide applications in base load, back-up, peak load and co-firing energy systems using combustion, pyrolysis and gasification of the fuel. Biomass represents 15-20% of the total industrial fuel used and about 12% of energy production in the world ͓2͔.
Gasification of biomass fuel is in its early stages of development today. Biomass has already found application as an admixture ͑co-firing͒ to fossil fuels. Biofuel gasification is very similar to gasification of coal. The main differences being ͑a͒ slightly lower gasification temperatures ͑800-900°C͒ required to gasify most of the refractory part of any biomass, ͑b͒ low ash melting point temperature, which in liquid state is very aggressive, ͑c͒ high reactivity of biomass that affects the process kinetics, and ͑d͒ high tar yield particularly at lower operational temperatures. These differences have direct impact on the gasifier performance. In many cases fluidized bed and open hearth furnaces are used for biomass fuel applications.
Gasification process produces many or all of the following compounds: hydrogen, carbon monoxide, water vapor, methane, nitrogen and light hydrocarbons with other undesired compounds, such as organic aerosols, tars, sodium, potassium and chlorinated compounds, ammonia, polycyclic aromatic hydrocarbons, and hydrocyanic acid. The polycyclic aromatic hydrocarbons are known to be carcinogenic. Particularly cumbersome is significant tar yield, varying from 1 to 180 g / Nm 3 depending on the reactor type, feed gas, waste fuel type, and operational condition ͓3͔. The development of High Temperature Air Combustion ͑HiTAC͒ technology has led to unique first applications of highly preheated gasifying agent in laboratory scale facility ͓4,5͔. Results of the experiments at high gasifying temperatures showed tar reduction and increase in higher heating value ͑HHV͒ of the synthesis gas produced from the waste materials. The fraction of different gases could be changed by controlling the gasifying agent properties. This led to our interest for determining means to obtain higher hydrogen content in the product gas composition via process modifications. The intent of this study is to determine the more desirable conditions for the production of hydrogen. It is not the intent here evaluate the energy costs associated with the high temperature process. Gasification process usually takes place over a temperature of 800 to 1800°C. At such high temperatures, the reaction rates are sufficiently high so that modeling based on thermodynamic equilibrium gives favorable realistic results on much of the main gaseous components and carbon for their direct use in most reactor designs ͓2͔. This is also true, for complex fuels modeling, such as biomass or municipal wastes where the pyrolysis products may play an important role in the product gas composition. One exception to the above assumption that one can model gasification with thermodynamic equilibrium is the moving-bed gasifier, where coal is used as feedstock and the oxygen and steam is allowed to move counter-current to the coal feed direction, as for instance in Lurgi gasifier. In such gasifiers, pyrolysis reactions prevail in the colder ͑upper͒ part of the reactor, and hence a simple description of the process by assuming thermodynamic equilibrium is not favorable for that region of the reactor. A second exception is the gasification of biomass at temperatures of about 850°C ͓3͔. It is also possible to model gasification by means of the element potential method, which gives satisfying results when compared to computational methods and detailed experimentation. Theoretical calculations by means of Newton Approximation method has been carried out by Traustel ͓6͔. Results from the Element Potential Method using EQUIL have been compared with the measurements made by F. Plenz for T = 721.3°C ͓7͔. The results showed satisfactory agreement be-tween theoretical and experimental data. Thus, the Element Potential Method can be successfully used in gasification modeling using equilibrium condition. However, the syngas composition for biomass and waste fuels using equilibrium assumption can deviate by about 5% as compared to measurements ͓8͔.
In the present study numerical simulation have been conducted using the equilibrium 'EQUIL' code, which uses Element Potentials Method to minimize the Gibbs free energy of a system, to obtain equilibrium composition of the product gas. The desired model must assist the designer and operator in efficient operation of the process. So, the objectives of gasification modeling are to provide: ͑1͒ syngas composition, ͑2͒ the relative amounts of oxygen, steam or auxiliary fuel required per unit waste fuel, ͑3͒ optimization of energy in the synthesis gas produced per unit fuel supplied, and ͑4͒ optimum operational conditions for process control. The trends for the results obtained must be supported with experimental data. Recently Olinger and Lilley ͓16͔ have also developed a code to determine the adiabatic flame temperature and product species concentration under equilibrium condition.
Thermodynamics of Gasification
The main reactions that occur during the gasification process include involve steam, oxygen, hydrogen, carbon monoxide, carbon dioxide and methane.
The following first four combustion equations ͑1͒-͑4͒ do not need to be considered as reactions with free oxygen are complete under gasification conditions. The next three heterogeneous ͑5͒-͑7͒ reactions are sufficient to determine equilibrium syngas composition.
Combustion reactions, In general, one finds complete carbon conversion at the equilibrium state. Using such approach one can reduce the above three reactions to the following two homogenous gas phase reactions ͓2͔:
CO shift reaction:
and a steam methane reforming reaction:
From the above reactions one can notice that four of them, Eqs. ͑2͒ and ͑5͒-͑7͒, present the way in which carbon or hydrocarbon fuel is gasified. The Boudouard reaction ͑5͒ plays a role in the production of pure CO when gasifying carbon with the CO2 gasifying agent. The methanation reaction ͑7͒ is the basis for most hydrogenating processes. Water gas reaction and the partial oxidation reaction are the most important in all gasification processes. Examining the heat effects, one can notice that the values of both reactions are similar and the balance between them drives the process. Since one of them is endothermic and the other exothermic, the reactions compete with one another until equilibrated.
For real fuels ͑including coal, which also contains hydrogen͒ the overall gasification reaction ͑without any combustion of the fuel͒ can be written as:
where, for gas, such as pure methane, m = 4 and n = 1 for oil, m / n ϳ 2, hence m ϳ 2 and n ϳ 1 for coal, m / n ϳ 1, hence m ϳ 1 and n ϳ 1 Gasification temperatures are in all cases high so that, thermodynamically as well as in practice, apart from methane, no hydrocarbons can be present in any appreciable quantity ͓2͔.
Calculation Procedure STANJAN and EQUIL Code. EQUIL is an application that calculates the chemical equilibrium state for a system consisting of one or more phases. The program is a CHEMKIN implementation of the STANJAN software and the original EQUIL application is given in ͓9͔. The application provides an interface that accepts input in CHEMKIN format and calls routines in the STANJAN library to find the equilibrium state. STANJAN provides an efficient algorithm for minimizing the free energy of the mixture to find the equilibrium state. It is also designed to handle multiple condensed phases, using surface kinetics to identify nongas phases ͓10͔. The assumption of ideal gases is made for gas phase mixture, and condensed phases are treated as ideal solutions. Specific heats are temperature-dependent. The minimum Gibbs function is calculated using constraints on atom population state parameters. Gibbs function of a system can be express as:
where, g ៝ j is the partial molal Gibbs function, N j is the number of moles in species j, and s is the total number of species in the system. Treating each phase as either a mixture of ideal gases or as an ideal solution, the partial molal Gibbs functions are given by:
where, g j ͑T , p͒ is the Gibbs function of pure j specie evaluated at the system temperature and pressure, x j is the mol fraction of species j in its phase, and R is the universal gas constant. Applying the Lagrange multipliers method, mol fraction of each species can be found from:
where, i is the Lagrange multiplier for atom i and nij is the number of i atom in j molecule. and a is the number of different elements ͑atom types͒ present in the system. This equation is the main result of the theory of element potentials for mixture of ideal gases or for ideal solution and is used to find the products composition at the equilibrium state.
Numerical Simulation of Gasification
The objective of numerical simulation is to determine the optimum conditions for the gasification of simulated wood pellets and to understand the limitations and influence of preheated gasifying agent on the product gas composition. The conditions considered here include: molar air/steam ratio, molar steam/fuel ratio and gasification temperature. The pressure was assumed constant at 1 atmosphere. Both the adiabatic and isothermal processes are considered to model the actual thermal process. In the adiabatic process the initial temperature of gasifying agent and fuel was fixed. This allowed for better understanding of the impact of gas feed temperature on the evolved fuel gas composition from gasification. In addition isothermal conditions in the calculations were examined. Maximum yield of hydrogen, carbon monoxide and methane in the product gas revealed favorable operational condition. It is to be noted that the maxima do not appear simultaneously for these species and thus each species had to be monitored separately. The lower heating value ͑LHV͒ of equilibrium product gas was also calculated since the objective of gasification was to enhance heating value of the gases. The gasifying fuel composition was assumed as cellulose.
To perform calculations using EQUIL, thermodynamic data ͑enthalpy of formation, changes of enthalpy, specific heat and entropy with temperature͒ for all compounds must be known and can be found from the JANAF tables given in ͓10͔. If the compound does not appear in the database, one must seek for the thermodynamic data for each species into the database. The following assumptions have been made:
Cellulose ͑C6H10O5͒x is assumed for the wood biomass waste, since wood consist of 40%-50% cellulose, 20%-30% hemicellulose, and 20%-30% lignin. Hemicellulose contains five-carbon sugars ͑usually D-xylose and L-arabinose͒ and six-carbon sugars ͑D-galactose, D-glucose, and D-mannose͒ and uronic acid, with average composition ϳ5.6 moles of C, 10.8 moles of H and 5.4 moles of O, which is quite similar to cellulose.
Enthalpy and entropy changes with temperature were calculated by means of STANJAN for a mixture consisting of C, H, and O with the same fractions of each compound as in pure cellulose molecule ͑6C, 10H, and 5O͒. This assumption is probably a source of error since the program treated pure hydrogen and oxygen as ideal gases. The calculated specific heat using this approach is much smaller than the real value when O and H elements are bonded in the crystal structure of cellulose.
Lagrange interpolating polynomial was used to obtain function of enthalpy changes with temperature H͑T͒ for the calculated points. This function was used to find specific heat c p ͑T͒ variations with temperature by means of following equation:
Polynomial coefficients of enthalpy, entropy and specific heat changes with temperature that need to be supplied to Equil database were calculated using Fitdat ͑Chemkin Inc. software͒.
Calculations were performed for isothermal conditions in each case. Reactor temperature of 600, 800, 1000, 1200, 1600 and 1800 K were considered. Constant pressure of 1 bar was used in all calculations. Various steam/cellulose ͓mol/mol͔ and oxygen/ steam ͓mol/mol͔ ratios were taken to search for maximum values of H2 and CO in the gas for each temperature case.
The molar steam/cellulose ratio was changed from 0.2 to 10 in increment of 0.2 so as consider a wide domain of species formation. Supplement oxygen in the gasifying agent was also considered and the molar air/steam ratio was changed from 0 to 2 in increment 0.2. MATLAB was used for post processing of the data.
Results and Discussion
Air/Steam Gasification. The role of gasifying agent containing different ratios of oxygen and steam ͑nO 2 /nH 2 O = 0, 0.2, 0.6 and 1.0 ͓mol/ mol͔͒ is shown in Fig. 1 . The results show that highest concentration of desired gaseous products ͑hydrogen, carbon monoxide and methane͒ in the product gas can be achieved only with steam gasifying agent. Increase of oxygen in the gasifying agent decreases the concentration of hydrogen and carbon monoxide in the gas yield. The reason for this is the absence of oxidation and partial oxidation reactions of carbon contained in the cellulose. In such case the major amount of carbon can react with steam in accordance with the water gas reaction ͑C + H2O Û H2 +CO+131 MJ/kmol͒. Since water gas reaction is endothermic, the high temperature of the process ͑from the use of highly preheated steam͒ drives the reaction. The enthalpy of the preheated gasifying agent is a substitute to energy released from the exothermic oxidation reactions. The increase in mole fraction of H 2 and CO with temperature for steam gasification is shown in Fig. 2 .
Pure Steam Gasification.
The calculations with steam as the gasifying agent are now presented to reveal the effects of gasification temperature ͑800, 1200 and 1600 K͒ on the gasification products. The results, shown in Fig. 3 , reveal the expected strong effect of temperature on the gasification products. They show that the concentrations of hydrogen and carbon monoxide can be increased significantly with increase in gasification temperature. The increase of H 2 with temperature is especially noticeable for the domain with high H 2 O concentrations in the products. For example, for high steam/cellulose ratios increase of hydrogen is always significant with increase in gasification temperature. Furthermore, the results showed that the concentration of gasification products increased somewhat. There is a limiting temperature after which the concentration does not change considerably or even decreases. The gasification products do not increase with increase in temperature above 1200 K. A practical advantage of this is that highest concentrations of H 2 and CO occur for temperatures that are easily obtainable in most industrial applications ͑T = 1200 K͒.
Since the methanation reaction is exothermic ͑C+2H2Û CH4 − 75 MJ/ kmol͒, an increase of temperature will cause the reaction to proceed in the direction of reactants. This is very unfavorable phenomenon because of high heating value of methane. In contrast, the destructed methane results in two mols of valuable hydrogen and one mol of carbon. These two with partially oxidized C to CO results in higher heating value than that of methane. Note that lower heating value of methane, LHVCH 4 = 731.6 MJ/ kmol, whereas, for H 2 and CO it is, 2·LHVH2+LHVCO=2·241+283 = 765 MJ/ kmol. Therefore one can expect that the maximum heating value will evolve at high temperatures under oxygen starving conditions when there is enough energy to drive the endothermic water gas and Boudouard reactions. The effect of temperature on hydrogen concentration is presented in Fig. 4 using steam as the gasifying agent.
The maximum hydrogen concentration is found at high temperatures of the process. This is always true if parameters of the process ͑nH2O / nCellulose, nO2 / nH2O͒ really correspond to the maximum concentration. The concentration of H 2 can drop at higher temperatures for nH2O / nCellulose= 1.6 and 2.4 ͓mol/ mol͔, see Fig. 5 . In fact the decrease of hydrogen with increase in temperature appears only for nH 2 O / nCellulose higher than 1 when the carbon contained in cellulose is completely converted. The complete conversion occurs for nH 2 O / nCellulose higher than 1, since cellulose contains 6C and 5O. The additional O atom required to convert the carbon is supplied from steam when nH 2 O / nCellulose surpasses 1. Thus, the decrease of hydrogen at higher temperatures is caused by the exothermic CO shift reaction ͑CO+H2OÛ CO2+H2−41 MJ/kmol͒ that plays a dominant role. Raising the temperature for an exothermic reaction The concentration of carbon monoxide increases with increase in temperature, see Fig. 6 . It is formed mainly according to water gas ͑C + H2O Û H2+CO+131 MJ/kmol͒ and Boudouard ͑C + CO2 Û 2CO+172 MJ/kmol͒ reactions for steam gasification and additionally by partial oxidation of carbon while gasifying in the presence of oxygen. When the carbon is completely converted, the carbon monoxide forms mainly according to CO shift reaction. Methane concentrations are very similar to those achieved for hydrogen but its concentration decreases with temperature. This is the result of exothermic methanation reaction ͑C+2H2Û CH4 − 75 MJ/ kmol͒ that is the main source of methane. As shown in Fig. 7 the concentrations have extremes for temperatures lower than 800 K. The methanation reaction plays an important role for temperatures lower than 1000 K, when there is not enough energy in the system for the endothermic reactions to occur. This is important for lower temperature processes where methane concentration can be significant to affect the Lower Heating Value ͑LHV͒ considerably. Lower Heating Values of produced fuel gas were calculated and compared. Hydrogen, carbon monoxide and methane were considered as combustible gases. As shown in Fig. 8 , the LHV of the product gas increases with temperature. The increase is significant to some point only. At temperatures higher than 1200 K the LHV reaches maxima. It is not surprising since the concentrations of the gases do not change much at this temperature. The LHV is high at low steam/cellulose molar ratios and decreases significantly with increase in nH2O/nCellulose. This is also true for steam/air mixture used in the gasification. The decrease is a result of high concentrations of CH4 and CO at low temperatures and high H2 and CO at high temperatures for low steam/cellulose ratios. Figure 9 shows LHV curve with trends similar to combustible fuel gas products concentrations for steam gasification at temperature T = 1200 K. This temperature gave equilibrium limit to further increase the LHV.
Experimental Validation of Calculated Results
An experimental fixed bed reactor gasification facility was used for the gasification of solid fuels with highly preheated gasifying agent that utilizes the High Temperature Air/Steam Gasification ͑HiTAG͒ technology ͓5͔. The facility provided highly preheated gasifying agent to the fixed bed reactor at desired temperature. The product gas composition of the gases produced was measured using a micro gas chromatograph. A schematic diagram of the facility is shown in Fig. 10 .
The preparation of gasifying agent consists of: combustion chamber, premixed burner, air and gaseous fuels, infusion syringe pump, heating tape and associated valves and piping. The gasify- Fig. 9 Comparisons of H 2 , CO, CH 4 concentration and lower heating value "LHV… of product gas for T = 1200 K ing agent from the combustion chamber consists of mostly H 2 O, CO 2 , O 2 and N 2 and is the result of combustion of propane and air plus the added moisture to the flame. This allowed one to obtain gasifying agent at very high temperatures. Controlled combustion of the gaseous fuel is important for obtaining a good control on composition of the gasifying agent. The amount of oxygen and steam used for gasification can be determined from combustion reaction since the flow rates of gas and air are known. To increase the amount of steam in the gasifying agent, additional water is added to the flame using a syringe pump. The total steam flow rate in the gasifying agent comprises of steam from the combustion of hydrocarbon fuel and the amount of injected ͑evaporated͒ water. Flow rate of fuel and air through the burner provided some control of gasifying agent temperature, albeit at the expense of the presence of some other gases. Higher flow rate of fuel-air mixture resulted in higher gasifying agent temperature. Because of high heat loss through chamber walls and piping, the whole section was well insulated using fiberglass jacket and then aluminum foil. Additional heat input comprised of electrical heating tape, which was wrapped around the flow piping. High temperature of the tape increased gasifying agent temperatures to the reactor. Two high temperature valves were used to control and shut off the flow entering the reactor. Before the desired thermodynamic parameters of gasifying agent were reached, one of the valves was closed and the exhaust gases were directed into the exhaust duct. After the desired temperature was achieved, this valve was opened to allow flow of gasifying agent over the solid fuel sample placed in the furnace reactor. The temperature of the gasification agent was measured using a thermocouple placed at the outlet of the combustion chamber. A thermocouple placed in the reactor bed provided direct indication on the start of gasification process.
Gasification section consisted of gasification fuel sample placed in a quartz tube that this tube was placed in an electrically heated tube furnace. The fuel samples were placed in a stainless steel mesh cylinder so that the high temperature gases can flow pass when placed in the quartz tube. The heating coils in the furnace heats up the quartz tube to maintain a desired temperature in the gasification section. The temperature of the furnace is controlled by an additional control unit. During gasification process, gas temperatures were measured at the inlet, outlet and inside the furnace. Measured inlet and outlet temperatures provided thermal energy balance of the furnace to provide enthalpy of gases flowing in and out of the furnace. Thermocouples were also placed to monitor temperatures in front and just behind the biomass fuel sample during the gasification process. Temperature profiles at the outlet of the combustion chamber were also measured.
The process control unit provided monitoring and control of all process parameters. The unit incorporated a control panel, furnace control unit, energy consumption meter and the syringe pump. The control panel included monitoring and control of fuel and air supplies, and thermocouple monitors. The thermocouple output was directed to a microcomputer, which converted and displayed the voltage signal into temperature. A second microcomputer was used to continuously monitor temperature at outlet of the combustion chamber.
A sampling probe was used to extract gas samples at exit from the furnace outlet. The solids and condensable fraction in the sample were removed from the sample prior to gas analysis using a micro-gas chromatograph ͑micro-GC͒. Even though the micro-GC is equipped with a gas-liquid separator, the amounts of condensable contaminants were too high to introduce the gases without further cleaning. After the condensate removal, the gas was further filtered using a 7 m inline ceramic filter. The gas flows to the Micro GC were appropriately adjusted and then directed to the micro-GC. The sample gas was continuously delivered to the sample vessel. At least two samples from the sample vessel were analyzed in the micro-GC to provide detection of C1 to C9 chemical species. Micro-GC allowed setting of all the functions and parameters using the software. A schematic diagram of the high temperature gasification ͑HiTAG͒ facility is showed in Fig. 11 .
In order to provide some validation for the calculated results experiments were conducted using a fixed bed batch type reactor at 800 K with equal moles of cellulose and steam. The CO and hydrogen gas concentration in the product stream, after gasification of the cellulose, was measured using a micro-gas chromatograph. The results are shown in Fig. 12 .
The calculated results showed yield of CO and H 2 as 0.21 and 0.13 respectively, see Fig. 2 . However, for the experimental case the values obtained for CO and H 2 were 0.18 and 0.075, respectively, Figure 12 . Despite some differences in the calculated and experimental data, the agreement seems quite encouraging. The discrepancies could be due to some errors in the experimental data and equilibrium assumptions in the calculations. In the experiments steam at a desired temperature was allowed to flow over the cellulose ͑biomass fuel͒ placed in a high temperature zone of the reactor. Not all the cellulose sees the same thermal condition. The thermal ad chemical non-uniformities surrounding the sample would alter the results. In general they would yield lower concentrations of CO and H 2 . The experimental results show increase of both hydrogen and CO with increase in gasification temperatures using steam as the gasification agent. These results show good trends with the calculated results shown in Figure 2 . The calculated results showed yields of hydrogen and CO with increase in steam gasifying temperatures.
Conclusions
The results obtained for the gasification of cellulose using EQUIL code for various temperatures, steam/cellulose and air/ steam ratios show that fuel gas quality increases with increase in gasifying agent temperature. The highest concentrations of the combustible gaseous products and thus the high heating value of the product gas stream occur with steam as the gasifying agent under isothermal reactor conditions. It should be noted that in actual conditions the yield of these gases would be smaller than that obtained with equilibrium calculations. The lower heating values of the gases for both steam and steam/air gasification increases with increase in temperature to some degree. This shows the direct influence of preheated gasifying agent on the product gas composition. The experimental results showed reasonable agreement with the calculated results although the actual experimental values were somewhat smaller.
The results demonstrate that technologies using mostly steam as gasifying agent are effective but such solution must be economically justified. The use of highly preheated gasification agent causes significant increase of H 2 and CO in the fuel gas as the result of limitation of combustion reactions. The wastes can be used to effectively produce very high concentrations of hydrogen in the product gas stream using steam gasification. The results provide good guidelines for the effective conversion of wastes into high calorific value gas with high hydrogen content. 
